hypokalemia. After adjustment for covariates including kidney function, serum potassium <4.0 and >5.0 mmol/l were significantly associated with increased mortality risk, but there was no increased risk for progression to ESRD. Timedependent repeated measures analysis confirmed these findings. When potassium was examined as a continuous variable, there was a U-shaped association between serum potassium levels and mortality. Conclusion: In patients with stage 3-4 CKD, serum potassium levels <4.0 and >5.0 mmol/l are associated with higher mortality but not with ESRD.
Among dialysis patients, hyperkalemia has been associated with higher mortality due to its arrhythmogenic effects [4, 5] . Hypokalemia has also been linked to higher mortality in dialysis patients, not only because of the electrophysiological effects of potassium, but also because hypokalemia often reflects a poor underlying nutritional status [6] . In CKD patients not on dialysis, however, the impact of potassium disorders on outcomes is unclear. Recent evidence suggests that the relationship between serum potassium and mortality follows a U-shaped curve in which both low and high serum potassium are associated with an increase in mortality [7, 8] . However, the data is heterogeneous with a variable follow-up ranging from 1 day to 4 years and variable number of potassium values per patient [9] . In addition, low serum potassium has been postulated to be a risk factor for the progression of CKD, as it had been shown to induce kidney damage via modulation of renal inflammation and impaired angiogenesis [10] [11] [12] . To our knowledge, the association between serum potassium and ESRD has not been studied in detail. Therefore, we examined the associations between serum potassium and all-cause mortality and ESRD in a cohort of stage 3 and stage 4 CKD patients in our health care system.
Methods
We conducted an analysis using our preexisting electronic health record (EHR)-based CKD registry. The development and validation of our EHR-based CKD registry at Cleveland Clinic are described in detail elsewhere [13] .
Study Population
Patients who met the following criteria from January 1, 2005 to September 15, 2009 , were included in the study population: (1) had at least one face-to-face outpatient encounter with a Cleveland Clinic health care provider, (2) had 2 or more estimated GFR (eGFR) values <60 ml/min/1.73 m 2 more than 90 days apart, and (3) had a potassium measured on the date of the second eGFR <60 ml/min/1.73 m 2 . Patients aged <18 years old, who entered the registry after September 15, 2009 and those who were diagnosed with ESRD needing dialysis or renal transplant before the date of second eGFR <60 ml/min/1.73 m 2 were excluded.
Definitions and Outcome Measures
Renal Function We applied the CKD-EPI equation to patients who had 2 outpatient serum creatinine levels between January 1, 2005 and September 15, 2009, to calculate eGFR [14] . All creatinine measurements were performed by the modified kinetic Jaffe reaction, using a Hitachi D 2400 Modular Chemistry Analyzer (Roche Diagnostics, Indianapolis, IN) in our laboratory. CKD was defined according to current guidelines as follows: stage 3 CKD (eGFR 30-59 ml/min/1.73 m 2 ) and stage 4 CKD (eGFR 15-29 ml/ min/1.73 m 2 ). We further categorized stage 3 into CKD stage 3a (eGFR 45-59 ml/min/1.73 m 2 ) and stage 3b (eGFR 30-44 ml/ min/1.73 m 2 ).
Serum Potassium
Only outpatient serum potassium laboratory measures obtained with a same reference range were included in this analysis. Serum potassium levels measured on the day of CKD confirmation (second eGFR <60 ml/min/1.73 m 2 at least 90 days after the first eGFR), as described, were used for the analysis in which single potassium measured was considered. For our time-dependent repeated measures analysis, we included the baseline potassium as well as the first potassium with an appropriate reference range measured each month during the study follow-up. We used carry-forward values to fill in data for months with no potassium measurement.
Comorbid Conditions and Laboratory Parameters Demographic details were extracted from the EHR. Diabetes mellitus, hypertension, coronary artery disease, and other comorbid conditions were defined using pre-specified criteria and validated [13] . Serum potassium levels and other relevant outpatient laboratory details were obtained from our electronic laboratory records.
Outcomes
The primary outcomes of interest, all-cause mortality and ESRD were ascertained from our EHR and linkage of our CKD registry with the Social Security Death Index and United States Renal Data Services (USRDS). Patients were followed from their date of inclusion in the registry (date of second qualifying eGFR) until September 15, 2009.
Statistical Analyses
CKD patients with measured outpatient serum potassium values at the time of second eGFR <60 ml/min/1.73 m 2 were further classified into three groups: <3.5, 3.5-3.9, 4.0-4.9, 5.0-5.5 and >5.5 mmol/l based on clinical relevance and previous reports. Associations of the baseline characteristics for these groups were assessed using Chi-square and ANOVA tests for categorical and continuous variables respectively.
Two separate logistic regression analyses were conducted to examine the association of low (<3.5 mmol/l) or high (>5.0 mmol/l) serum potassium levels with potential covariates. For each of these models, the reference group was all patients with normal serum potassium levels based on our laboratory reference values (3.5-5 mmol/l). Covariates were based on information known prior to second eGFR <60 and chosen a priori based on factors previously shown or thought to be related to serum potassium, ESRD and mortality. These include age, gender, race, body mass index (BMI), eGFR, diabetes, hypertension, malignancy, coronary artery disease, heart failure, chronic obstructive pulmonary disease and/or asthma, use of ACE/ARB, and use of beta blockers.
To evaluate whether survival and ESRD among persons with CKD was associated with serum potassium levels, we used KaplanMeier plots and log-rank tests with the date of second eGFR <60 ml/min/1.73 m 2 as the time of origin. Progression to ESRD and pre-ESRD death are competing events; therefore, we fitted cumulative incidence functions that adjust for competing risks and compared these results to the traditional cause specific analysis. In ad-dition, a separate analysis that included all deaths (both before and after ESRD) was also conducted. We used Cox proportional hazards models to assess the association between serum potassium and mortality and ESRD while adjusting for other covariates mentioned earlier, as well as cerebrovascular disease, peripheral vascular disease, potassium sparing diuretics, non-potassium sparing diuretics, potassium supplementation, serum bicarbonate, log glucose and albumin. To incorporate serum potassium results obtained after inception, we fitted a Cox proportional hazards model with time-dependent repeated measures of potassium while adjusting for all variables mentioned earlier. We used splines to relax linearity assumptions for continuous variables included in the models. We also examined the relationship between continuous baseline serum potassium and each outcome using restricted cubic splines.
We tested two-way interactions between baseline serum potassium and the following covariates: age, gender, race, diabetes and eGFR in the adjusted Cox proportional hazards model. The patients who had missing serum glucose and/or bicarbonate data were 0.3% and 13% of them had missing albumin. We used mean value imputation to include all patients in the Cox model. To evaluate the effect of the imputation, we also fit a model with timedependent serum potassium with complete case data. We did not adjust for proteinuria in our main models because we had data only in 49% of the sample. However, we performed a sensitivity analysis fitting Cox models with time-dependent serum potassium as described earlier and adjusting for proteinuria in a sensitivity analysis.
All data analyses were conducted using Unix SAS version 9.4 (SAS Institute, Cary, N.C., USA) and R 3.0.1 (The R Foundation for Statistical Computing, Vienna, Austria). The cmprsk package was used for competing risk analysis. The CKD registry and this study were approved by the Cleveland Clinic Institutional Review Board.
Results

Patient Characteristics
There were 42,912 patients with stages 3 and 4 CKD from our CKD registry, and of those, 36,359 (85%) had serum potassium levels measured on the date of second eGFR <60 ml/min/1.73 m 2 with reference ranges 3.5-5 mmol/l. This group constituted the study population (online suppl. fig. 1 ; for all online suppl. material, see www. karger.com/doi/10.1159/000437151). Patients who had had measurements with different assays (n = 4,725, 11%) were excluded. The mean age of the study population was 72 ± 11.9 years with 55% being females and 13% African Americans. Demographic variables and comorbid conditions were significantly different among patients with various ranges of serum potassium levels ( table 1 ) . Serum potassium <3.5 mmol/l was noted among 3% and >5.0 mmol/l was observed among 11% of the study population.
Factors Associated with Low and High Serum Potassium Levels
Low Serum Potassium Levels (<3.5 mmol/l) In the multivariable analysis, the following variables were associated with higher odds of having low potassium levels compared to normal: African American race, lower eGFR, malignancy, and heart failure ( table 2 ). Conversely, the following variables were associated with having lower odds of having low serum potassium levels: older age, male gender, being overweight, diabetes, hypertension and use of ACE/ARB ( table 2 ) .
High Serum Potassium Levels (>5.0 mmol/l) In the multivariable analysis, the following variables were associated with higher odds of having high potassium levels compared to normal: male gender, lower eGFR, BMI <18.5 kg/m 2 , diabetes, malignancy, and use of ACE/ ARB ( table 2 ). The following variables were associated with having lower odds of having high serum potassium levels: higher age and higher BMI ( table 2 ) .
Serum Potassium Levels, ESRD and All-Cause Mortality
Among our study population, 6,114 of them died before reaching ESRD and 772 reached ESRD during an average follow-up of 2.3 years. A total of 6,379 patients died overall. Both the Kaplan-Meier and competing risk analyses showed a significant difference in overall mortality and ESRD among those with different potassium levels (p < 0.001; fig. 1 ) and the results were similar in both analytical approaches. In the multivariate model (time-dependent repeated measures analysis) adjusting for demographics, comorbid conditions, medications use, lower levels of serum potassium (<3.5 and 3.5-3.9 mmol/l) were associated with higher risk for mortality. Similar higher risk for mortality was noted for those with higher levels of serum potassium (5.0-5.4 and >5.5 mmol/l; table 3 ). No such associations between potassium levels and ESRD were noted ( table 3 ). In a model in which only baseline serum potassium was considered the explanatory variable, serum potassium levels >5.5 mmol/l were associated with higher risk for death (online suppl. table 1). There was a U-shaped association between serum potassium levels and mortality when serum potassium was examined as a continuous variable ( fig. 2 ) .
Effect Modification by Age and CKD Stage
We found significant two-way interactions between serum potassium and age and eGFR on mortality, which indicated that the increased mortality hazard associated with abnormal levels of serum potassium was different at different ages (p = 0.04) and eGFR stages (p < 0.001). Age appears to modify the association with younger patients showing stronger association and seems to either attenuate or reduce the statistical significance in elderly population (online suppl. table 2). The interaction with CKD stage suggested that serum potassium is associated with increased mortality among patients with stage 3a but not in other stages of CKD (data not shown).
Sensitivity Analyses
In a sensitivity analysis in which we included patients who had proteinuria data (n = 17,790), similar results were noted (data not shown). Results from the model including only patients with complete data (complete case analyses) were qualitatively similar to those in the model using mean value imputation and a class level for missing BMI groups. Missing values: BMI = 1,562, serum sodium mmol/l = 106, CO 2 mmol/l = 110, glucose mg/dl = 105, albumin g/dl = 4,751. Values presented as %, mean ± SD, median (P25, P75). All variables statistically significant across groups except continuous BMI, COPD/asthma, and malignancy.
* Data not available for all subjects.
Discussion
In this large cohort of patients with stages 3 and 4 CKD, the prevalence of hypokalemia (<3.5 mmol/l) and hyperkalemia (>5.0 mmol/l) was 3 and 11%, respectively.
Hyperkalemia was more frequently observed in patients with lower eGFR, treated with ACEI/ARB and those with conditions known to cause cellular shifts such as diabetes. On the other hand, hypokalemia was more often seen in African Americans and in patients taking diuretics. We * First potassium per patient per month was used in the analysis. Missing data are filled as follows: potassium value is carried forward until a new potassium value is observed. All subjects and all follow-up are included regardless of the amount of time elapsed since last potassium measurement. Median time from last potassium measured to death/censor is 5.4 months. ** Models adjusted for age, gender, race, diabetes, hypertension, malignancy, congestive heart failure, coronary artery disease, COPD/asthma, BMI group, history of ACE/ARB, potassium sparing diuretics, not potassium sparing diuretics, beta blockers, eGFR, potassium supplementation, cerebrovascular disease, peripheral vascular disease, serum bicarbonate, log glucose and albumin. Mean value imputation was used for serum bicarbonate, glucose and albumin. 461 observed a U-shaped association between serum potassium and death with both lower and higher levels of potassium being associated with increased risk of death. However, neither low nor high serum potassium levels were associated with progression to ESRD.
Serum Potassium and Outcomes in CKD
Hypokalemia and hyperkalemia are frequently observed in patients with CKD. As the eGFR falls, the renal excretion of potassium is reduced, and the prevalence of hyperkalemia increases from 2% in patients with eGFR >60 ml/min/1.73 m 2 to 42% in patients with eGFR <20 ml/min/1.73 m 2 [15, 16] . Other factors that have been linked to hyperkalemia include cellular shifts from underlying acidosis or diabetes and treatment with RAAS blockers such as ACEI or ARB [17] [18] [19] [20] . Hypokalemia, on the other hand, is often seen in the setting of diuretic use and has been proposed as a marker of poor nutritional status [21] . Our findings were concordant with the previous studies: hyperkalemia was more frequently observed in patients with lower GFR, treated with ACEI/ARB and those with diabetes. These same factors were associated with lesser risk for hypokalemia. On the other hand, diuretics were associated with higher odds of hypokalemia and lower odds of hyperkalemia. Black race was also associated with higher odds of hypokalemia. Previous reports have shown that African Americans have lower mean serum potassium concentration than whites in non-CKD population and the risk for unprovoked hypokalemia was 5 times that of Whites [22] [23] [24] [25] . Our findings extend this result to African Americans with CKD and suggest the need to monitor them closely for development of hypokalemia.
Hypokalemia has been previously linked to increased mortality in patients with heart failure and acute myocardial infarction [26, 27] . In a propensity-matched analysis, Bowling et al. [28] reported an association between low serum potassium (defined as <4 mmol/l) and mortality in those with CHF and CKD. In a CKD population with a mean eGFR of 25.4 ml/min/1.73 m 2 , an association between low serum potassium and mortality was reported. Our findings extend these observations to those without heart failure and to those with stage 3 CKD. Low serum potassium levels affect the myocardial resting membrane potential, which can lead to ventricular arrhythmias and sudden cardiac death [29] . Low potassium levels can also be a reflection of a poor nutritional status, which in turn portends poor prognosis [30] but in the repeated measures analysis, there exists an association between hypokalemia (both in the 3.5-3.9 and <3.5 mmol/l) and mortality despite adjusting for serum albumin.
In our study population, serum potassium >5.0 mmol/l is also associated with increased mortality in non-dialysisdependent CKD patients, a finding that is typically attributed to the arrhythmogenic effects of potassium. In a secondary analysis of the Renal Research Institute (RRI) study CKD cohort, an increased risk of the composite of death or cardiovascular events requiring hospitalization was observed but did not show an increase in overall mortality [8] . The differences between our study and the RRI study could be attributed to the reference ranges used (4-5.5 mmol/l in RRI vs. 4.0-4.9 mmol/l in our study). However, another study included hospitalized CKD patients and demonstrated higher risk for death within 1 day among those with hyperkalemia [31] . Our study shows a clear association between serum potassium and mortality with hypokalemia <4.0 mmol/l and hyperkalemia ≥ 5.0 mmol/l ( table 3 ) .
However, when looking at the interaction between age groups and potassium, we found a statistically significant association between serum potassium of 3.5-3.9 mmol/l and mortality for patients aged <80 years old but not in those aged >80 (online suppl. table 2). A potential explanation could relate to the high morbidity load of patients aged above 80 that would put them at risk of death regardless of their serum potassium. Baseline kidney function seem to modify the associations between serum potassi- ) were more likely to die than those with stages 3b and 4 CKD (eGFR <45 ml/min/1.73 m 2 ). Such findings could be attributed to the fact that higher occurrence of chronic hyperkalemia in CKD patients might be better tolerated than acute hyperkalemia. This in turn might lead to a reduced sensitivity to cardiac complications [32] . Further studies are warranted to ascertain whether such phenomenon exists for hypokalemia.
It has been suggested that potassium disorders could lead to progression of renal disease. Hypokalemia in particular could contribute to interstitial renal scarring, and experimental studies suggest that chronic hypokalemia can lead to renal fibrosis via modulation of renal inflammation and local activation of the RAAS [11, 33, 34] . Current clinical evidence provide conflicting findings, as some studies suggest that hypokalemia was associated with progression to ESRD, while others did not observe such association after adjustment for nutritional indices (serum albumin) [8, 35] . Hayes et al. [7] noted that hypokalemia was associated with renal progression but the association with hard renal outcome, such as reaching ESRD was unclear. Table 3 shows that there could be a higher risk for ESRD in those with serum potassium 3.5-3.9 mmol/l, but the overall p value for the model wasn't significant, suggesting that no associations exist between hypokalemia and ESRD. Despite the large sample size and inclusion of relevant confounders, we didn't observe an association between hypokalemia and kidney disease progression.
Strengths of this analysis include a large diverse patient population with stages 3 and 4 CKD, availability of several confounding variables and the use of time-dependent repeated measures analyses. However, retrospective analyses are prone to residual confounding. While we included several variables that could affect serum potassium levels and are related to mortality (diabetes, serum bicarbonate, medications etc.), we lacked details about nutritional data. Further, our patients have been followed in a health care system and hence these data might not be applicable to the community-dwelling adults with CKD.
In summary, hypokalemia and hyperkalemia are often noted in those with CKD. Several clinical and demographic factors are associated with potassium disorders. Both serum potassium levels <4.0 and >5.0 mmol/l are associated with all-cause mortality but not with ESRD in those with stages 3 and 4 CKD. These associations are modified by the stage of kidney disease and age and further studies are needed to understand the potential mechanisms that explain these findings.
